The ability of adenovirus structural polypeptides to bind nucleic acids was assessed by separating the polypeptides on SDS-polyacrylamide gels, transferring them electrophoretically to nitrocellulose and probing with 32p-labelled nucleic acids. Polypeptides IVa2, V, VI and VII, as well as trace amounts of pVII and a polypeptide of apparent mol. wt. 40 x 103 were able to bind label under these conditions. Labelling was also detected with a smaller polypeptide, possibly related to the cleavage products of pVII and/or pVI. The binding of DNA to polypeptide VI appeared to be more sensitive to detergents than the others. No sequence specificity could be detected in the DNA binding.
INTRODUCTION
The adenovirus virion contains at least 11 different polypeptides in a complex icosahedral structure enclosing a linear double-stranded virus DNA of mol. wt. approx. 23 x 106 (for review, see Flint, 1980; Nermut, 1980 ) (see also Fig. 1 ). It is known that at least three of these polypeptides are in close association with the virus DNA. Two of these, basic polypeptides V and VII, are found in core structures prepared from disrupted virus ; the third, the terminal protein, is covalently linked to the ends of the virus DNA (Rekosh et al., 1977) . Some of the structural polypeptides (VI, VII and VIII) appear to be synthesized as larger precursors (pVI, pVII and pVIII) (Anderson et al., 1973) which are cleaved on maturation by a virus-coded protease which may be present in the virus particle (Weber, 1976) . The topology of the structural polypeptides and their role in packaging the virus DNA during maturation are relatively poorly understood. One line of evidence suggests that empty adenovirus capsid structures, lacking DNA and the basic core polypeptides, are pre-assembled and then interact with the virus DNA which has been pre-condensed with the basic polypeptides V and VII (pVII) (Ishibashi & Maizel, 1974; Edvardsson et al., 1976) . Another possibility is that the core proteins may enter the capsid after the DNA has been partially packaged as the result of the removal of the so-called scaffolding and maturation proteins. These latter proteins have been observed in radioactively labelled assembly intermediates and apparently are removed on maturation. One of these maturation proteins (tool. wt. 50 × 10 3) appears to be identical to the virion structural polypeptide IVaz present in trace amounts in purified virus preparations (Persson et al., 1979) . Another polypeptide (mol. wt. about 39 x 103) has also been implicated as a maturation protein in the assembly process (D'Halluin et al., 1978a, b) .
In the experiments described here we have analysed in more detail the interaction of the adenovirus structural polypeptides with nucleic acids by assessing their ability to bind labelled nucleic acids after SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretic transfer to nitrocellulose using the procedure initially described by Towbin et al. (1979) . The results reveal that a number of structural polypeptides, other than those previously described, do bind to nucleic acids and consequently may also play a role in the encapsidation of the virus DNA.
METHODS

Viruses and cells.
Preparation and purification of human adenovirus type 5 (Ad5; strain Ad75) has been described in detail previously (Russell et al., 1967; Winters & Russell, 1971) . Virus was produced in KB or HeLa The terminology of the polypeptides is that suggested by Anderson et al. (1973) . The terms hexon, penton base and fibre are also used (Ginsberg et aL, 1966) to describe the capsomeres formed by polypeptides II, Ill and IV respectively. cells growing in suspension, and purified by fluorocarbon extraction followed by velocity and equilibrium CsC1 gradient centrifugation. Purified virus was desalted by gel filtration using Sephadex G-25 and was usually stored at 4 °C in 5 mM-Tris-HC1 buffer pH 7.6. Adenovirus type 2 tsl (Weber, 1976) was grown in HeLa cells at 39 °C. SDS-PAGE. Purified virus was denatured by boiling for 2 min in SDS, urea and 2-mercaptoethanol before submitting to SDS-PAGE on 15% polyacrylamide slab gels as described previously (Russell & Blair, 1977) .
Electrophoretic transfer. After electrophoresis the gel slab was placed on a sheet of damp nitrocellulose (Schleicher & Schfill, Dassel, F.R.G.; BA85, 0-45 p.m) supported by a sheet of Whatman 3MM paper previously moistened with binding buffer (see below), care being taken to avoid trapping of air bubbles. A second moistened filter paper sheet was laid on the other gel surface. This sandwich was then placed between two 0-5 cm-thick large domestic scouring pads (Scotch-Brite) supported between two rigid plexiglass plates containing holes to facilitate access of electrolyte to the gel sandwich. The whole sandwich, firmly held together, was then inserted in seats in an electrophoresis chamber 150 × 150 × 240 mm with U-shaped electrodes constructed of 26 standard wire gauge platinum wire each about 50 cm in length and approximately 150 mm apart. The electrolyte (total vol. 51) was 20 mM-Tris, 190 mM-glycine pH 8.3 containing 20~ (v/v) methanol, with the nitrocellulose sheet facing the anode. A voltage of 100 V was applied (producing a current of 400 mA) for 4 h. The nitrocellulose sheet was then removed and either stained for protein by immersing in 0.1 ~ naphthalene black in methanol : acetic acid : water (40 : 10 : 50, by vol.) or processed for binding potential by 'renaturing' in binding buffer (10 mM-Tris-HC1 pH 7.2, 50 mMNaC1, 1 mM-EDTA, 0.2% polyvinylpyrrolidone, 0.2~ Ficoll, 0.2~ bovine serum albumin) containing 2.5~ Nonidet P40 (NP40) detergent by shaking for 1 h on a moving stage in a closed plastic box. The detergent was removed by washing the sheet in several changes of binding buffer followed by overnight incubation at room temperature. The nitrocellulose sheet was then immersed in a small volume (5 to 10 ml) of binding buffer containing radioactively labelled probe and incubated by shaking for the appropriate times (generally 1 to 4 h) either at room temperature or at 37 °C (standard conditions were 2 h at room temperature). Excess label was then removed by washing twice for 30 rain in binding buffer followed by drying and exposing the film for autoradiography using a fast-tungstate intensifying screen (Laskey & Mills, 1977) . Labelling at different pH values was carried out using 20 raM-sodium acetate buffer pH 5, 10 mM-Tris-HCl pH 7, or 10 mM-Tris-HC1 pH 9, all in 50 mM-NaC1.
Preparation and labelling of nucleic acids. Adenovirus DNA was extracted from purified virus by protease digestion followed by phenol extraction (Green & Pina, 1963) , and plasmid pAT153 and chick cell DNA were prepared by standard techniques. Adenovirus or plasmid DNA were restricted by XbaI or EcoRI (Biolabs) using standard protocols and the restriction fragments were labelled, after phosphatase digestion, with [~-3zp]ATP (Amersham International) using polynucleotide kinase (P-L Biochemicals) (Maxam & Gilbert, 1977) . Alternatively, DNA was labelled by nick translation (Rigby et aL, 1977) using [~-32p] dCTP (Amersham International) after DNase I (Sigma) digestion and polymerase I repair. 32p-labelled single-stranded DNA was prepared by reversetranscribing influenza virion RNA using a synthetic primer (Winter et al., 1981) and treating with alkali. 32p endlabelled RNA was prepared from influenza virion RNA using polynucleotide kinase and [~-32p]ATP (Skehel & Hay, 1978) . Adenovirus restriction fragments were separated on an agarose gel and extracted with butanol (Langridge et al., 1980) , and end-labelled as described above.
Computer analysis. Predictions of hydrophobicity of protein structures were based on the indices calculated by Chou & Fasman (1978) and were implemented by Dr M. J. Geisow at the National Institute for Medical Research using a program described in Geisow & Roberts (1980) .
RESULTS
Efficiency of transfer of polypeptides to nitrocellulose
A number of preliminary experiments were carried out to ascertain the optimal conditions for electrophoretic transfer of the adenovirus polypeptides in terms of current used, time of electrophoresis and electrolyte content. Fig. 2 shows that under the conditions described in Methods all of the polypeptides could be transferred, although the larger polypeptides, II and III, appeared to be transferred somewhat less efficiently. Moreover, a very similar pattern of transfer was noted over the total extent of the slab gel (data not shown), implying that there were no major distortions resulting from variations in the electric field across the apparatus.
Binding of end-labelled adenovirus DNA
The virion polypeptides transferred to nitrocellulose were 'renatured' by incubation in detergent-containing buffer, washed and then further incubated at room temperature in binding buffer containing 32p end-labelled Ad5 DNA which had been restricted with XbaI. After washing, drying and exposure to film as described in Methods, autoradiograms could be obtained clearly showing that polypeptides V, VI and VII retained the labelled probe (see Fig. 2 ) while the remaining structural polypeptides, although effectively transferred, did not. The intensity of labelling could be increased by prolonging the time of incubation with the labelled probe or increasing the temperature to 37 °C. Longer incubations at 37 °C (> 4 h) showed some selective loss of binding ability, presumably reflecting the differing thermolabilities of the transferred polypeptides. It was also noted that the labelled probe was retained by a polypeptide near the bottom of the gel coincident with a stained band in the virus electropherogram corresponding to the small polypeptides previously designated X, XI and XH (Anderson et al., 1973 ) (see Fig. 3 ). A similar pattern of binding was obtained by incubating with the labelled probe at pH 5, 7 or 9 although, at the lowest pH, background binding became significant. The effect of increasing the ionic strength was also assessed by comparing binding in buffer containing 50, 100, 200 or 300 mM-NaC1. Using this probe the binding patterns did not appear to vary significantly, and binding was achieved even at 200 mM-NaCI. At higher ionic strengths binding efficiency rapidly diminished (data not shown).
To determine if the precursor polypeptides would also bind labelled DNA, virus was purified from cells infected with the temperature-sensitive mutant Ad2 tsl at the restrictive temperature of 39 °C (Weber, 1976) . Virus produced under these conditions is not infectious and contains uncleaved precursor polypeptides pVI, pVII and pVIII. Fig. 4 shows that V, pVI and pVII of the ts mutant also bound the labelled probe. Furthermore, a labelled band corresponding to IVa2 could also be discerned in a parallel preparation of purified Ad5 (see below). In an attempt to ascertain if there was any preference for binding any one of the five XbaI restriction fragments of the adenovirus DNA, labelled probe was recovered from each of the polypeptides V, VI, VII, and from V, pVI and pVIII after binding in both 50 mu-and 200 mM-NaCI buffers. The four smaller fragments (B, C, D and E) were readily recovered from all polypeptides and there appeared to be no difference in the relative stoichiometry of the recovered fragments although it was evident that the smaller fragments were more efficiently recovered in every case (data not shown). There was not enough labelled probe bound to IVa2 in these experiments to determine if there was any selectivity in this case. (10) 205 (14) 1490 (100) 20 ixg 73 * Nick-translated 32p-labelled XbaI fragment of Ad5 DNA (approx. 20 ng probe in 5 ml) with specific activity of 5 x 107 ct/min/~tg was used as probe. In competition experiments cold (unrestricted) adenovirus DNA was added to labelled DNA before probing. Numbers in parentheses are percentages of ct/min when referred to ct/min bound by polypeptide VII. Radioactivity was determined by cutting out the appropriate regions from the nitrocellulose strip and counting by Cerenkov radiation.
In another approach to ascertain if there was any selectivity in the ability of the transferred polypeptides to recognize different regions of the adenovirus DNA, 32p end-labelled probes of the separated fragments XbaI D (map units 78.5 to 84-0) and XbaI E (terminal fragment 0 to 3.85) were utilized. Fig. 5 shows that the labelling patterns at pH 5, 7 and 9 with these probes were very similar. In this experiment both IVa2 and the smaller polypeptides in the region of X to XII were labelled by the D and E fragments, implying that there was also no selectivity in binding to these polypeptides under the conditions employed. It was also noted in these experiments that some binding at mobilities corresponding to polypeptide pVII and to polypeptides of about 40 x 103 mol. wt. could be discerned in the purified complete virion preparation and that background labelling was reduced at the higher pH values.
Binding of nick-translated probes
Under the conditions used the specific activities of the end-labelled probes were of the order of 5 x 105 ct/min/gg DNA. To increase the sensitivity of the technique a number of experiments were carried out using nick-translated probes with specific activities of the order of 5 x l07 ct/min/gg DNA. Similar binding patterns were obtained. The effect of adding unlabelled Ad5 DNA to the labelled probe was determined both by autoradiography and by recovering the 32p label from each of the polypeptides and counting directly ( Table 1 ). The results indicated that under the conditions employed there appeared to be an excess of sites on the polypeptide substrates for the labelled DNA and that only when the specific activity was decreased by 100 to 500 was there some relative competition between polypeptides for the label (i.e. to the levels obtained with the end-labelled probes). Competition experiments were also performed using end-labelled probes and adding cold chick cell DNA, indicating that the relative number of sites in VII was much greater than on V and VI, and only when the total DNA content of the probe reached 20 gg/ml was there substantial competition with the labelled probe. 
Effect o f detergents and urea on binding
Since non-ionic detergents and urea treatments have been shown to be effective in renaturing some SDS-denatured antigens and enzymes (Dimitriadis, 1979; Clarke, 1981 ; Weber & Kuter, 1971) an attempt was made to ascertain if the binding of labelled D N A to the transferred polypeptides could be influenced by carrying out the labelling in the presence of different detergents or by an intermediate urea treatment. It was found that whereas 6 M-urea had no effect on the labelling, the presence of 2.5 ~ of the non-ionic detergent Triton X-100 reduced the Fasman (1978) . w.c. RUSSELL AND B. PRECIOUS binding capacity of both V and VII, and eliminated that of polypeptide VI, whereas 2-5 ~ NP40 appeared to enhance binding to both V and VII (data not shown). Another experiment in which the labelled probe was added in 0.5 ~ sodium deoxycholate (an anionic detergent) also gave reduced overall binding, but binding to VI was substantially reduced relative to the others.
Binding of non-adenovirus probes
The above investigations had demonstrated that, under the conditions employed, the binding of 3Zp-labelled adenovirus probes to the adenovirus structural polypeptides did not appear to be specific and indeed similar binding patterns were obtained with other labelled probes. Thus, the pattern obtained with 32p end-labelled restricted pAT 153 plasmid DNA clearly showed retention of label with IVa2 and pVII, as well as V, VI and VII. Similar binding patterns also resulted with labelled probes from single-stranded complementary DNA derived by reverse transcription of influenza virion RNA. No change in the relative labelling pattern could be seen on competing out the labelled probe with unlabelled adenovirus DNA. Similar results were obtained utilizing end-labelled influenza virion RNA, although the intensity of labelling was significantly reduced when compared to that obtained with labelled DNA of similar specific activity (data not shown).
DISCUSSION
The investigations described in this paper have demonstrated that denatured adenovirus structural polypeptides separated by SDS-PAGE and electrophoretically transferred to nitrocellulose can be renatured in situ to bind labelled nucleic acid probes. Polypeptides V and VII, previously shown to be basic proteins in close association with virion DNA Prage et al., 1968) exhibit strong binding, and polypeptides IVa2 and VI also show DNA binding using these procedures. DNA binding observed by a smaller polypeptide(s) (region X to XII) is probably related to the cleavage products of either or both of pVII and pVI.
Polypeptide IVa 2 is a minor component of the virion and it has been suggested that it can function as a maturation protein in adenovirus morphogenesis (Edvardsson et al., 1976; D'Halluin et al., 1978 a; Persson et al., 1979) . It has been shown that this polypeptide is associated with assembly intermediates and it appears to be substantially removed during virus morphogenesis, thus having similar characteristics to those of the maturation proteins in bacteriophage systems (Casjens & King, 1975; Russell & Winters, 1975) . It is not known if the trace amounts seen in virus preparations (by protein staining) are indicative of the presence of immature virions or have some other function in the virion. In the experiments described here, IVa2 polypeptide clearly binds labelled DNA, which is consistent with the role of a maturation protein. Indeed, analysis of the amino acid sequence of the protein (deduced from DNA sequence data; van Beveren et al., 1981) shows a relatively hydrophilic protein with an excess of basic (16.5 ~) over acidic (10.7 ~) amino acid residues with a particularly basic C-terminal region. It is also notable that a DNA-binding polypeptide consistent with the suggested maturation protein of mol. wt. 39 x 103 (D'Halluin et al., 1978a, b) can be demonstrated in some autoradiograms (e.g. Fig. 5 ).
Polypeptide VI, in contrast, is a major component of the virion and is produced by cleavage of the large pVI polypeptide (Anderson et al., 1973) which appears to be present in procapsids prior to virus DNA assembly (Edvardsson et al., 1976) . It has been suggested that pVI and pVIII can function as scaffolding proteins (Persson et al., 1979) , particularly since they are internal (Everitt et al., 1975) . This suggestion is partly supported by our findings that both polypeptide VI of Ad5 and pVI of the closely related Ad2 can bind labelled DNA. An interesting facet of this binding is its apparent relative sensitivity to detergents, particularly in view of the ability to prepare adenovirus cores (containing virus DNA in association with V and VII) by treatment of virus with cold acetone or with sodium deoxycholate at 56 °C . The amino acid sequence of pVI as deduced from the DNA sequence (Akusjarvi & Persson, 1981) provides a possible clue. The distribution of basic and acidic amino acid residues and a computed hydrophobicity scan (Chou & Fasman, 1978) on the pVI polypeptide clearly shows (Fig. 6 ) that the C-terminal region is quite basic and, moreover, is adjacent to a hydrophobic region perhaps more characteristic of transmembrane proteins (Akusjarvi & Persson, 1981) .
The function of VI in relation to its DNA-binding ability is still of course largely speculative, but since pVI appears to be firmly retained in the procapsid it therefore seems possible that it could have a role in recognizing virus DNA and anchoring the genome specifically within the capsid structure. This kind of interaction may have been the one primarily responsible for the in vitro association of empty adenovirus capsids with double-stranded DNA previously observed (Tibbetts& Giam, 1979) . Other researchers (Tibbetts, 1977; Hammarskjold & Winberg, 1980) have suggested that an encapsidation sequence near the conventional left end of the genome could play an essential role in maturation, perhaps similar to that demonstrated in bacteriophage 2 (Feiss et al., 1979) and, therefore, that it should be possible to find virus gene products that bind specifically to this region, although one might expect specific binding to be related to one of the minor virion polypeptides. Unfortunately, our attempts to demonstrate specific DNA binding to the blotted polypeptides were unsuccessful, and efforts to detect DNA binding by terminal protein released after nuclease digestion of disrupted virus were also not successful (data not shown). In this latter case a specific DNA-protein interaction might be anticipated (Rekosh et al., 1977) , although it is also possible that residual nucleotides on the released protein might block DNA binding. Others workers (Bowen et al., 1980) have claimed that lac repressor polypeptide transferred to nitrocellulose (by a non-electrophoretic technique) showed specificity in binding to DNA. Careful monitoring of the washing procedures appeared to be critical in this technique and it was emphasized that the optimum conditions would certainly vary for different proteins.
Current knowledge of specific interactions between proteins and DNA indicate that protein conformation, not surprisingly, is of critical importance. Thus, both catabolite gene activator protein (McKay & Steitz, 1981) and the cro repressor (Anderson et al., 1981) appear to function as dimers to fit very specifically into the major grooves of the DNA helix. Indeed, it has been suggested (Anderson et al., 1981) that the symmetrical DNA sequences noted for the sites of DNA-protein interaction are a consequence of the oligomeric structure of the regulatory proteins rather than being indicative of a special type of DNA structure. The importance of oligomerization in relation to DNA binding has also been demonstrated in the case of simian virus 40 (SV40) T antigen (Myers et al., 1981 ; Bradley et al., 1982) . It also seems very likely that interaction between one or more different polypeptides may be of significance in promoting specific interactions with nucleic acids. It is evident that the technique described here where SDS-denatured polypeptides are anchored to nitrocellulose and then renatured in situ may not permit effective oligomerization. Binding requiring interaction between polypeptides would also not be directly amenable to analysis by this approach.
Nevertheless, the blotting procedure is extremely useful in demonstrating that particular polypeptides do have DNA binding potential. The functional significance, however, of any such binding will depend to a large extent on the development of complementary procedures which will allow the effective renaturation of the conformation of both the protein and the nucleic acid.
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